New Ni-Zr-Cu-Ti-Al bulk metallic glasses (BMGs) were fabricated on the basis of ternary Ni-Zr-Al alloys. The addition of Cu and Ti increased the glass-forming ability (GFA) of Ni-Zr-Al alloys. These BMGs exhibited high thermal stability and relatively large supercooledliquid region. With the substitution of Ni by Cu from 0 to 19.2 at%, the GFA of Ni-Zr-Ti-Al alloys was enhanced and its glass transition temperature T g , onset crystallization temperature T x , and onset melting temperature T m all decreased. When Cu content was 24 at%, the GFA decreased again. The BMG rod with a maximum diameter of 2 mm was fabricated in the Ni 43:7 Zr 19:2 Cu 19:2 Ti 13:9 Al 4 alloy and the compression tests indicated that it had high fracture strength of about 2400 MPa, Young's modulus of 121 GPa, elastic strain of 0.02 and plastic strain of 0.009 at ambient temperature.
Introduction
Bulk metallic glasses (BMGs) with dimensions of over 1 mm can be obtained at relatively low critical cooling rates of 100 to 1 K/s from liquid state by avoiding crystallization in supercooled liquid in various alloy systems. [1] [2] [3] [4] These BMGs with excellent glass-forming abilities (GFAs) and selected superior properties have attracted more attention because of their fundamental scientific importance and engineering application potential. As candidates for structural materials, current BMGs still have limitations such as limited thermal stability, relatively high density and high material cost. There has been an increasing interest in developing new BMGs with high GFA and superior properties, especially within the frame of common metals as Cu, Fe, Al, Ni, Ti, etc. In the case of Ni-based alloys, bulk glass formation was achieved in Ni-Zr-Ti-(Si, Sn), Ni-Nb-(Ti, Zr, Hf), Ni-Nb-Sn, Ni-Cu-Zr-Ti-Al, and Ni-Pd-P alloy systems. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Crystallization behavior of Ni-based glassy alloys was studied extensively. 15, 16) These Ni-based BMGs exhibit high strength and high thermal stability, but the GFAs except Ni-Pd-P alloy system so far are very limited, and metalloids included in some alloy systems have tampered their manufacturability. So it is necessary to develop new Nibased BMGs including only common metallic elements.
High glass-forming alloy compositions are often located at or near deep eutectic point, as has been clearly demonstrated in many alloy systems. [17] [18] [19] [20] For binary and some ternary alloy systems, the compositions at or near the eutectic point are selected as starting points to explore novel metallic glasses because their phase diagram are readily available. For multi-component systems, it is difficult to determine whether they have deep eutectics and where these deep eutectics are located. As a result, various empirical methods have been proposed to guide the discovery of BMGs in the complexly multi-component alloy systems. 1, 2, 21) Experimental evidences indicate that alloying addition of chemically similar elements in place of individual alloy components in simply binary or ternary alloy systems is an effective method for develop new multi-component BMGs with enhancing GFA.
In this work, binary Ni-Zr alloy was selected as starting point to explore new Ni-based BMGs because Ni-Zr one was known to be a system in which the amorphous phase could be formed over wide composition ranges by rapid quenching techniques. [22] [23] [24] The thermodynamic properties of Ni-Zr alloys in liquid, crystalline and amorphous states have been studied recently. 25) According to three empirical principles for BMG-forming systems, 1, 4) Al was added to improve the GFA of binary Ni-Zr alloys. The immediate experimental results showed that an optimum content for Al addition in binary Ni 65:5 Zr 34:5 alloy was about 4%. To further improve the GFA of Ni 62:9 Zr 33:1 Al 4 alloy, the substitutions of Ni by Cu and Zr by Ti were considered because of the chemical similarity of Ni and Cu as well as Zr and Ti. In subsequent alloying treatment Ti and Al content were fixed, the influences of Cu addition on the GFA and thermal stability of Ni 62:9 Zr 19:2 Ti 13:9 Al 4 alloy were investigated by changing the ratio of Ni to Cu.
Experimental Procedure
The alloy ingots of the nominal compositions were prepared by arc melting a mixture of pure elemental metals Ni (99.97 mass%), Zr (99.9 mass%), Cu (99.99 mass%), Ti (99.99 mass%) and Al (99.99 mass%) in appropriate proportions in a Ti-gettered high purity argon atmosphere. The ingots were re-melted at least four times to ensure their chemical composition homogeneity. Each ingot was remelted in an evacuated state in a quartz tube using an induction heating coil followed by injection through a nozzle with different diameters from 0.5 to 2 mm. The structures of these alloy rods were ascertained by X-ray diffraction (XRD) with Cu-K radiation. The thermal characteristics involving glass transition, crystallization and melting process were examined using a differential scanning calorimeter (DSC) at a heating rate of 40 K/min and differential thermal analysis (DTA) at a heating rate of 20 K/min. The as-cast rods in a cylindrical shape with a diameter of 2 mm and a height of 4 mm were used for mechanical tests. Mechanical behaviors were examined under uniaxial compressive deformation mode at ambient temperature by an Instron testing machine with a constant strain rate of 5 Â 10 À4 s À1 . The microstructures of samples were investigated by scanning electron microscopy (SEM).
Results and Disscusion
Initially, a ternary Ni 62:9 Zr 33:1 Al 4 glassy alloy rod with a maximum diameter of 0.5 mm has been obtained by the addition of Al in binary Ni 65:5 Zr 34:5 alloy. Figure 1 shows a DSC curve with the inseted corresponding X-ray pattern from the as-cast Ni 62:9 Zr 33:1 Al 4 alloy rod with a diameter of 0.5 mm. The sample exhibits typical broad diffraction maxima without any observable crystalline peaks, indicating a fully amorphous structure. This is further confirmed by DSC curve in Fig. 1 , which gives an obvious endothermic characteristic of the glass transition, followed by a characteristic exothermic heat event corresponding to crystallization. The glass transition temperature T g and onset temperature of crystallization T x (marked in figure with arrows) are 830 and 865 K, respectively, and thus reasonable supercooled liquid region is ÁT ¼ T x À T g ¼ 35 K. To improve the GFA of the Ni 62:9 Zr 33:1 Al 4 alloy, both the substitution of Ni by Cu and the partial replacement of Zr by Ti are attempted. Figure 2 shows the XRD patterns of the as-cast Ni 62.9-x Cu x Zr 19:2 Ti 13:9 Al 4 (0 x 24 at%) alloy rods with diameters of 1 and 2 mm. Without Cu addition, the Ni 62:9 Zr 19:2 Ti 13:9 Al 4 alloy rod exhibits many crystalline peaks without any noticeable diffuse background, indicating the formation of an intermetallic compound Ni 4 Ti 3 . With the substitution of 4.8 at% Ni by Cu, the sample shows a weak broad background together with some sharp crystalline peaks corresponding to two crystalline phases NiTi and AlCu 2 Ti, indicating a partially crystalline structure. When 9.6 at% Ni is substituted by Cu, the sample shows a nearly fully broad diffraction maxima with some small crystalline peaks, indicating the formation of nano-crystalline phases in the glassy matrix. When the content of Cu is 14.5 at%, the XRD pattern of the as-cast rod with a diameter of 1 mm only shows a halo peak without sharp peaks corresponding to crystalline phases. With increasing Cu content up to 19.2 at%, a fully amorphous rod with a maximum diameter of 2 mm can be obtained. In the meantime, when the substitution of 24 at% Ni by Cu, some sharp diffraction peaks corresponding to crystalline phases appear in the XRD pattern again. Based on the above results, it can be concluded that the substitution of 19.2 at% Ni by Cu can lead to a significantly improved GFA in the Ni 62.9-x Cu x Zr 19:2 Ti 13:9 Al 4 alloy system. Figure 3 shows the thermodynamic effect of Cu addition in 
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Cu content up to 24 at%, while T l of Ni 38:9 Zr 24 Zr 19:2 Ti 13:9 Al 4 alloy is larger than that of the other alloys. All the compositions are rather off-eutectic, but compared with other compositions, the alloy containing 19.2 at% Cu is closer to the eutectic composition, corresponding to better glass formation. As shown in Table 1 , the T rg (T g =T l ) decreases with an increase in Cu content and the best glass former Ni 43:7 Zr 19:2 Cu 19:2 Ti 13:9 Al 4 has not the highest T rg value. Another important parameter (T x =ðT g þ T l Þ) is also not improved with the addition of Cu. This shows that compared with T rg and , the stability of the supercooled liquid (ÁT) can reflect the GFA better in the present alloy series. Figure 5 shows the compressive stress-strain curve of the as-cast Ni 43:7 Zr 19:2 Cu 19:2 Ti 13:9 Al 4 glassy ally rod with a diameter of 2 mm at ambient temperature. It can be seen that an elastic deformation of 2% is followed by a small plastic deformation of 0.9% after yielding, and the serrate flow is obvious in the plastic region. The compression fracture strength ( c; f ) and Young's modulus (E) of this specimen are about 2400 MPa and 121 GPa, respectively. These multiple serrations during compression reveal that the inhomogeneous nature of the deformation in metallic glasses. This is further demonstrated by the fracture surface morphology of this glassy alloy rod under compression, as shown in Fig. 6(a) and (b). The fracture surface is declined by an angle of about 45 to the loading direction, and exhibits microscopic veinlike patterns, which is typical of fracture surface of ductile Ni-based BMGs. 13, 26, 27) Localized shear bands are also observed on the surface of the deformation specimen.
Compared with other known Ni-Cu-Zr-Ti-Al BMGs, 11) which behave in a brittle manner under external stress, this alloy has slightly higher fracture strength, higher Young's modulus and inhomogeneous plastic deformation behavior. The enhancing of strength of this BMG is linked with the small increase of T g caused by the higher content of Ni. Fracture surface observations reveal that the interactions of shear bands are responsible for the plastic deformation behavior of this BMG.
Conclusions
New Ni-based BMGs with a maximum diameter of 2 mm have been developed in Ni-Zr-Al alloy system by the addition of Cu and Ti. These BMGs exhibits high thermal stability and relatively large undercooled-liquid region. With the substitution of Ni by Cu from 0 to 19.2 at%, the GFA of Ni-Zr-TiAl alloy can be enhanced and the best glass-forming alloy with a critical diameter of 2 mm is obtained at the composition of 19 
